Calbindin-D 28k (CB), one of the major calcium-binding and buffering proteins, has a critical role in preventing a neuronal death as well as maintaining calcium homeostasis. Although marked reductions of CB expression have been observed in the brains of mice and humans with Alzheimer disease (AD), it is unknown whether these changes contribute to AD-related dysfunction. To determine the pathogenic importance of CB depletions in AD models, we crossed 5 familial AD mutations (5XFAD; Tg) mice with CB knock-out (CBKO) mice and generated a novel line CBKO . 5XFAD (CBKOTg) mice. We first identified the change of signaling pathways and differentially expressed proteins globally by removing CB in Tg mice using mass spectrometry and antibody microarray. Immunohistochemistry showed that CBKOTg mice had significant neuronal loss in the subiculum area without changing the magnitude (number) of amyloid b-peptide (Ab) plaques deposition and elicited significant apoptotic features and mitochondrial dysfunction compared with Tg mice. Moreover, CBKOTg mice reduced levels of phosphorylated mitogenactivated protein kinase (extracellular signal-regulated kinase) 1/2 and cAMP response element-binding protein at Ser-133 and synaptic molecules such as N-methyl-D-aspartate receptor 1 (NMDA receptor 1), NMDA receptor 2A, PSD-95 and synaptophysin in the subiculum compared with Tg mice. Importantly, this is the first experimental evidence that removal of CB from amyloid precursor protein/presenilin transgenic mice aggravates AD pathogenesis, suggesting that CB has a critical role in AD pathogenesis.
Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the progressive decline of cognition and memory. The major hallmarks of AD include senile plaques and neurofibrillary tangles. 1 The amyloid hypothesis suggests that amyloid b-peptide (Ab) accumulation is neurotoxic to the cells in the brain regions that have critical roles in learning and memory, including the hippocampus, subiculum, entorhinal cortex and basal forebrain. 2 In addition to the accumulation of Ab and tau, several neurodegenerative processes of AD in the early stage are accompanied by calcium dysregulation, neuronal death, and mitochondrial and synaptic dysfunction. 2, 3 Specifically, disrupted calcium homeostasis has been reported in the brains of AD patients and normal aged subjects. 4, 5 Altered levels of calcium (Ca 2 þ )-binding proteins could result in impaired Ca 2 þ homeostasis in pathological conditions and disrupted Ca 2 þ signaling, thereby leading to loss of synapses and then dysfunctions of the neural network. 6 We hypothesized that altered expression of a specific Ca 2 þ -binding protein may affect a variety of AD-like pathologies in 5 familial AD mutations (5XFAD) mouse (Tg) brains, in an animal model of AD. Ca 2 þ -binding proteins maintain calcium homeostasis by buffering excessive intracellular levels of free calcium. Calbindin-D 28k (CB) is one of the major calcium-binding proteins that buffer the Ca 2 þ level and transport Ca 2 þ . 7 CB is abundant throughout the central nervous system (CNS) and has been used extensively as a marker of neuronal sub-populations for anatomical and developmental studies. Moreover, CB has been shown to block multiple pro-apoptotic pathways. For example, overexpression of CB inhibited apoptotic activities induced by Ab and mutant presenilin-1 (PS1) in glial and neuronal cells 8, 9 and bax or caspase-3-related apoptotic signaling was increased in uteri of CB knock-out (CBKO) mice. 10 It has been reported that the deficits of learning in mice expressing the familial AD-mutant hAPP correlated strongly with decreased levels of CB in the dentate gyrus of the brain.
Furthermore, homozygous CBKO mice displayed impairments in motor coordination and activity. 12, 13 However, whether reduced CB levels in animal models of AD could influence AD pathologies has not been extensively investigated.
To obtain better insights into the pathological significance of these alterations in vivo, we generated CB-deficient AD transgenic mice (CBKOTg) and profiled the changes in abundance of proteins and levels of phosphorylation of hundreds of signaling proteins using antibody microarray and mass spectrometry (MS) analysis. From these protein and phosphorylation profiles, we found that the depletion of CB in Tg mice brain elicited significant alterations in cell death pathways, synaptic transmission, mitogen-activated protein kinase (MAPK) signaling and cytoskeleton organization. These results revealed that the removal of CB in Tg mice caused apoptotic features, alteration of mitochondrial dynamic proteins, impaired N-methyl-D-aspartate receptor (NMDA)-dependent signaling and decreased synaptic proteins levels at 6 months of age. To summarize, we have first shown, in vivo, that the removal of CB in Tg mice may be responsible for aggravating the apoptosis, mitochondrial dysfunction, synaptic alteration on the pathogenesis of AD.
Results
Confirmation of cross-breeding between CBKO and 5XFAD mice for the overexpression of human amyloid precursor protein (APP) and human PS1 genes and the depletion of CB gene. In order to examine the effect of CBKO on AD pathology, we first crossed homozygous CBKO mice with hemizygous Tg and validated production of Tg and homozygous CBKOTg by crossing F1 generation of heterozygous CBKOTg mice. To verify each individual, genomic DNA was then isolated and PCR was performed using primers that span targeted regions of APP, PS1 and CB genes ( Figure 1a ). Based on these results, Tg and CBKOTg mice were identified. In young mice, plaques first appeared and amyloid deposits spread to fill much of the subiculum. 14 CB is widely distributed in the mammalian CNS, including human brains. 7 To confirm the effects of CBKO in the subiculum, we isolated the subiculum (white dotted line) of Tg and CBKOTg mice by an optical microscope (Figure 1b ). To determine the protein level of APP, PS1 and CB expression, the offspring of Tg and CBKOTg mice were analyzed and the subiculum homogenates were prepared for immunoblot analysis with anti-APP (6E10), anti-PS1NT and anti-CB antibodies (Figure 1c) . We also confirmed the presence of CB and plaque formation in the subiculum of Tg mice, but the absence of CB and the presence of plaque formation in the subiculum of CBKOTg mice by immunohistochemistry (Figure 1d ). Taken together, these data showed that all transgenic mice have a number of plaques and mice lacking CB showed a complete depletion of CB in the subiculum with no apparent difference in phenotype.
There was no difference in full-length APP or Ab accumulation in the subiculum area of CBKOTg compared with Tg mice. Several studies have shown that the density of CB-expressing cells correlates inversely with plaque burden in AD brains. 15, 16 To assess whether CB depletion in Tg brains affects Ab generation, we performed western analysis, ELISA and immunohistochemistry in the subiculum of each individual. Western blot using anti-Ab antibody (6E10) showed that B4 kDa bands (monomer form of Ab) were not significantly altered in CBKOTg mice by CB deletion compared with Tg mice (Figures 2a and b) . Moreover, ELISA of insoluble subiculum fractions showed no difference in the amounts of Ab 42 between Tg and CBKOTg mice (Figure 2c ). Immunohistochemistry for senile plaque in the subiculum, in which the plaque burden was visualized in brain sections using anti-Ab-specific antibody (4G8), showed that the subiculum lacking CB expression failed to increase total Ab plaque burden in Tg mice (Figures 2d and e) . Consistent with these results, plaque burden did not change in cortical area in both Tg and CBKOTg mice (Supplementary Figure  S1) . These findings are consistent with the results of ELISA using insoluble fractions between Tg and CBKOTg, indicating that the effect of CB depletion on amyloid pathology was independent of both generation and deposition of Ab.
Identification of proteins affected by the depletion of CB and their associated cellular biological processes. To examine proteins affected by CB deficiency, we used antibody microarrays to measure abundances of 244 proteins and then to compare their abundances between 6-month-old Tg and CBKOTg subiculum. Among 244 proteins, 31 were identified as differentially expressed proteins (DEPs) between the Tg and CBKOTg subiculum (Supplementary Materials and methods; Supplementary Table S1 ). Of the 31 DEPs, 13 increased in their abundances in the CBKOTg subiculum, whereas 18 decreased. In particular, p35, PKB/AKT and caspase-3, which are involved in the induction of apoptosis, increased in CBKOTg mice, compared with Tg mice, while anti-apoptosis-related NF-kB (nuclear factor kappa-light chain-enhancer of activated B cells) decreased (Table 1) . Moreover, neurofilament 200 and dystrophin, which are involved in organization of cell projection and cytoskeleton, decreased, indicating alteration of cytoskeleton in CBKOTg. These results were also supported by western analysis (Supplementary Figure S2) . To further globally investigate the proteome affected by CB deficiency, liquidchromatography-MS (LC-MS)/MS analysis was performed for the subiculum tissues of Tg and CBKOTg mice. From the samples of Tg and CBKOTg, 3840 and 3970 proteins (a total 4546 proteins) were identified, respectively (Figure 3a) . Among them, 3264 were shared. Among the total 4546 proteins, 269 were selected as DEPs (5.92%, Supplementary Table S2; Supplementary Materials and methods). The enrichment analysis of Gene Ontology biological processes (GOBPs) shows that the DEPs are mainly involved in the regulation of apoptosis, synaptic transmission, negative regulation of MAPK activity and mitochondrial fragmentation (Figure 3b ; Supplementary  Table S3 ; Supplementary Materials and methods). In addition, cytoskeleton organization, synaptic plasticity, cell cycle and small GTPase-mediated signal transduction also are perturbed in CBKOTg mice compared with Tg mice.
There were fewer NeuN-positive cells in the subiculum of CBKOTg mice than Tg mice at 6 months of age. Although there has been little demonstration of neuronal loss in APP transgenic mouse models, 17, 18 a recent study showed that 5XFAD mice exhibited extensive neuronal loss by increasing Ab42 accumulation in cortical layer 5 and the subiculum.
14 Therefore, the role of CB in the neuronal loss was examined in CBKOTg mice using immunohistochemistry of brain sections among nontransgenic littermates, Tg and CBKOTg mice at 6-month-old age with anti-NeuN antibody, a neuronal marker protein. We observed that NeuN-positive cells in the subiculum were visibly reduced in Tg mice compared with littermates (Figure 4a ), in agreement with the previous finding.
14 NeuN-positive cells in the subiculum of CBKOTg mice were significantly far fewer and scarcer, compared with both littermate and Tg mice (Figure 4b ). To confirm whether the neuronal loss in CBKOTg mice is worse than in Tg mice, we examined NeuN-positive cells at 1.5, 3 and 6-month-old age, Figure 1 Confirmation of cross-breeding between CBKO and 5XFAD mice for the overexpression of human APP and human PS1 genes and the depletion of CB gene. (a) As 5XFAD mice carry the human APP mutation (Swedish, London, Florida) and PS1 (M146L; L286V), transgenic offspring from each line was determined to contain human APP and human PS1. CB expression should have depleted in CBKO mice. These cross-bred mice were analyzed by PCR to determine their gene expression patterns. (b) Schematic representation of the subiculum, which is located inside the cortex (the part shown in the white dotted line). LMol, lacunosum moleculare layer; MolDG, molecular layer dentate gyrus; MEnt, medial entorhinal cortex. (c) Representative western blot for APP, PS1 and CB expression in the subiculum homogenates from 6-month-old 5XFAD (Tg, n ¼ 4) and CBKO Á 5XFAD (CBKOTg, n ¼ 4). CB was almost undetectable in subiculum homogenates from CBKOTg mice. (d) Coronal serial sections of the brains from 6-month-old mice (n ¼ 4 for Tg and CBKOTg mice, respectively) were double stained with anti-CB (red) and anti-Ab (green; 4G8) antibodies, which are imaged by confocal microscopy. Tg mice displayed amyloid plaque deposition (green) and mice lacking CB (CBKOTg) did not show CB expression in the subiculum. Scale bar ¼ 30 mm. Tg: 5XFAD, CBKOTg: CBKO Á 5XFAD respectively. Although NeuN-positive cells did not differ between Tg and CBKOTg mice at 1.5-month-old age, NeuN-positive cells of CBKOTg mice from 3 months were seen significantly less than that of CBKOTg mice from 1.5-month-old age (Figures 4c and d) . Together, these findings suggest that CB expression could have an important role in preventing the Ab-induced neurotoxicity and also in maintaining neuronal survival.
Evaluation of apoptosis in the subiculum of CBKOTg mice at 6-month-old age. It was previously shown that mRNA and protein levels of CB were decreased in brains of AD patients and AD mice, respectively.
11,19 CB overexpression has been reported to block apoptotic cell death in lymphocytes, glial cells and the uteri. 9, 10, 20 However, there is no direct evidence that CB has a role in neuronal apoptosis in AD. To address this question, CBKOTg is one of the best models to show the role of CB in neuronal apoptosis in the brains of Tg mice. The proteomic analyses above revealed that CB deficiency in CBKOTg mice increased significantly the expression of the proteins involved in induction of apoptosis ( Figure 3b ; Table 1 ). We investigated whether the expression of apoptosis-related genes is affected by CB depletion in Tg. Interestingly, Bcl-2 and Bcl-xL expression levels were reduced in the subiculum of CBKOTg mice compared with Tg mice (Figures 5a and b) . There was no significant change in Bax level. The release of cytochrome c (CytC) is tightly controlled by proteins of the Bcl-2 family in the apoptosis pathway. 21 Thus, the release of CytC was then measured by ELISA. We detected a significant increase of CytC in the subiculum of CBKOTg mice ( Figure 5c ). In addition, significantly higher levels of activated caspase 9 and 3 proteins were detected in the subiculum of CBKOTg mice (Figures 5d and e). To examine quantitatively whether apoptosis occurs in subiculum cells of both Tg and CBKOTg mice, apoptotic cells were assessed by FACS analysis after FITC-annexin V/propidium iodide (PI) staining. Both early (annexin V-positive, PI-negative) and late (annexin/PI-double positive) apoptotic cells were increased in CBKOTg mice than Tg mice, suggesting that CB may have a critical role in cells vulnerable to apoptosis in Tg mice (Figure 5f ). These results indicate that apoptotic features increased in response to CB depletion in Tg mice.
Changes of mitochondrial structure and protein levels in the subiculum of CBKOTg mice. Several lines of evidence suggest that mitochondrial dysfunction contributes to AD pathogenesis in the brains of transgenic animal models and patients, 22, 23 during apoptosis, mitochondria are key organelles that sense and amplify damage 24 and are vital for Ca 2 þ buffering and signal transduction, as well as stress-induced cell death. 25 Also, our proteomic analysis revealed that CB deficiency changed the expression of the proteins involved in mitochondrial fragmentation ( Figure 3b) . Thus, the structure of mitochondria in the brains of AD mouse models was revealed by EM in previous studies. 26 An EM study to examine the morphological changes of mitochondria in the subiculum of both Tg and CBKOTg mice showed severe cristae disruption like a hole as one of the apoptotic features in CBKOTg mice (Figure 6a ). The percentage of elongated and round mitochondria was identified and calculated in each mouse group, and CBKOTg mice showed significantly lower percentage of elongated mitochondria, compared with Tg mice (Figure 6b) . Moreover, the length of cristae in CBKOTg mice appeared to be significantly shorter than that in Tg mice (Figure 6c ), suggesting that CB may have a role in mitochondrial morphology in CBKOTg mice. Alzheimer's pathology is accompanied by an expression change of the proteins involved in mitochondrial fusion and fission associated with mitochondrial bioenergetics. 27, 28 Expression of mitochondrial proteins (dynamin-1-like protein (Drp1), mitochondrial fission 1 protein (Fis1), mitofusin-1 (Mfn1) and optic atrophy 1 (Opa1)) was detected by western blot analysis (Figure 6d ). Drp-1 protein expression was significantly higher in CBKOTg mice than Tg mice. The level of Fis1 also tended to increase in the CBKOTg mice although this difference was statistically marginal (Figure 6e ). The level of Mfn1 did not differ between Tg and CBKOTg mice. Opa-1 was less in CBKOTg mice than in Tg mice (Figure 6f ). These results suggest that CB depletion from Tg mice contributes to the alteration of mitochondrial structure by damaging the mitochondrial cristae and disturbing mitochondrial dynamic remodeling.
Impairment of NMDA receptor-extracellular signal-regulated kinase (ERK) signaling in the subiculum of CBKOTg mice. Our proteomic analysis revealed that CB deficiency changed the expression of the proteins involved in regulation of Ca 2 þ transport and calcium-mediated signaling (Figure 3b ). Regulation of intracellular Ca 2 þ concentration is crucial for synaptic plasticity and long-term memory function. 29 Ab 1-42 accumulation in brain regions may exacerbate age-related declines in Ca 2 þ regulation that can lead to neuronal dysfunction and subsequent neurodegeneration. 30 The induction of LTP in hippocampal slices requires the activation of NMDA receptors and mice with reduced CB expression show declines in memory and hippocampal LTP. 31, 32 To determine whether the effects of changes in NMDA activity on learning and memory may be mediated by CB depletion, we measured the levels of NMDA receptors, synaptic molecules, in the subiculum of both Tg and CBKOTg mice. The levels of NMDA receptor 1 (NR1) and NMDA receptor 2A (NR2A) decreased in the subiculum of CBKOTg mice (Figures 7a and b) . We also examined whether reductions of NR1 and NR2A, secondary to CB depletion from Tg mice, would affect NMDA receptor-mediated signaling pathways. In particular, the activation/phosphorylation of ERK is regarded as a key biochemical event in cognition. Our proteomic analysis also showed that CB deficiency changed the expression of the proteins involved in regulation of MAPK pathway (Figure 3b ). The ERK activation leads to activation of cAMP response element-binding protein (CREB), a transcription factor linked to the formation of long-term memory. 33 Especially, NMDA receptors enhance learning and memory through the activation of CREB by phosphorylation at serine 133. 34 The levels of phosphorylated ERK1/2 and CREB at serine 133 significantly decreased in CBKOTg mice, compared with Tg mice (Figures 7a and c) , whereas the levels of total ERK1/2 and CREB showed no change. We found that the immunoreactivity of phosphorylated CREB decreased in neurons of CBKOTg subiculum, compared with those in Tg mice (Figure 7d ). Merged images of anti-NeuN and anti-pCREB stainings showed decreased yellow fluorescence in CBKOTg mice, and these images were quantified based on the fluorescence intensity (Figure 7e ), suggesting that CREB inactivation is enhanced by CB depletion. To investigate whether CB depletion has any additive effects on the levels of synaptic proteins, we measured the levels of PSD-95 and synaptophysin in the subiculum of both CBKOTg and Tg mice. PSD-95 levels were reduced by 15% in CBKOTg mice and synaptophysin levels also decreased in the subiculum of CBKOTg by 24%, compared with Tg mice (Figures 7f and g ). These data provide evidence that CB depletion has an important role in regulating of synaptic transmission and plasticity in Tg mice.
Discussion
The pathological features of AD have been reported to include Ab deposition, disrupted Ca 2 þ homeostasis, cell death and reduction of synaptic proteins. In this study, we have demonstrated that CB depletion contributes to Ab-induced apoptosis and neurodegenerative changes in the brains of AD animal model. These results are consistent with earlier report that CB protein levels were markedly reduced in human AD brains and rodent AD model brains. 11 To test the hypothesis Table S2 ). (b) GOBPs represented by the DEPs. The GOBPs with P-value o0.01 from Gene Ontology enrichment analysis were selected as the ones represented by the DEPs (Supplementary Table S3 ). Among them, the GOBPs associated with AD pathogenesis were selected and shown here (see Supplementary Table S4 for the proteins involved in these GOBPs). The numbers of DEPs involved in the selected GOBPs were displayed (red: upregulated DEPs; green: downregulated DEPs; Supplementary Table S4) Figure 4 There were fewer NeuN-positive cells in the subiculum of CBKOTg mice compared with Tg mice at 6 months of age. Coronal serial brain sections from 6-monthold mice (n ¼ 4 for littermates, Tg and CBKOTg mice, respectively) were costained with anti-NeuN (green) and anti-CB (red) antibodies, which were imaged by confocal microscopy. Shown are micrographs of in the subiculum (areas within dashed line in left panels) and respective higher magnification images (middle panels) (a) CB levels are significantly reduced in CBKOTg mice compared with littermates and Tg mice (right panels). Neurons are significantly reduced in the number in the subiculum of Tg mice, compared with littermates. The quantity of neurons in the subiculum of CBKOTg mice were significantly less, compared with the subiculum of Tg mice. that the removal of CB from 5XFAD mice may contribute to the pathogenesis of AD, we generated CBKO AD transgenic mice (CBKOTg) as an in vivo experimental model with depleted CB expression (Figure 1 ). Pasti et al. 35 demonstrated that inhibition of CB expression lead to prolonged increase of intraneuronal Ca 2 þ after NMDA or potassium stimulation of hippocampal slices. 35 Greene et al. 36 showed that CB-expressing cells in the brain of AD patients were unaffected by and resistant to degeneration. 36 As a consequence of CB deficiency in the brains of Tg mice, we first demonstrated significant alterations in cell death pathways, synaptic transmission and MAPK signaling pathways from our initial antibody array analysis (Table 1) . By MS, functional enrichment analysis also showed that the DEPs between both Tg and CBKOTg mice were significantly involved in apoptosis induction, synaptic transmission, MAPK activity and mitochondrial dysfunction (Figure 3 ). Based on these analyses, we have provided compelling evidence that CB depletion could alter pathological features of AD, independent of Ab generation, evidenced from both biochemical experiments and immunohistochemistry. Although there was no difference in Ab accumulation between Tg and CBKOTg mice, severe neuronal loss was found in the subiculum of CBKOTg mice, compared with that of Tg mice. Greater atrophy in the subiculum is associated with increased risk of conversion from mild cognitive impairment to AD. 37 We also found that anti-apoptotic proteins, such as bcl-2 and bcl-xL, significantly decreased and the release of CytC with activation of caspase-9 and caspase-3 increased in the brains of CBKOTg mice. In addition, FACS analysis showed that both early Figure 5 Evaluation of apoptosis in the subiculum of CBKOTg mice at 6 months of age. (a) Bax, Bcl-2 and Bcl-xL expression levels were analyzed by western analysis in the subiculum from 6-month-old Tg (n ¼ 4) and CBKOTg mice (n ¼ 4). Tubulin was a loading control. (b) Bcl-2 and Bcl-xL levels were significantly decreased in CBKOTg mice compared with Tg mice. No changes were detected for Bax levels. Protein levels were normalized against tubulin. (c) CytC ELISA assay was performed in cytosolic extracts of the subiculum, and CytC levels in CBKOTg mice increased significantly, compared with Tg mice. (d) Expression levels of cleaved caspase-9 and caspase-3 was measured by western analysis. n ¼ 4 for Tg and CBKOTg mice, respectively. (e) Activated caspase forms increased significantly in CBKOTg mice than Tg mice. Cleaved forms of proteins were normalized to its precursor form and are shown as a percent of Tg mice. (f) Subiculum extracts were homogenized with binding buffer and were subjected to FACS analysis after propidium iodide (PI: Y axis) and annexin V (X axis) staining. Note that CB deletion increased from early apoptotic cells (lower right quadrant) to late apoptotic cells (upper right quadrant) in Tg mice. Three independent experiments were performed with 10 000 cells. *Po0.05, **Po0.01 and ***Po0.001. CBKOTg versus Tg mice (annexin V-positive, PI-negative) and late (annexin/PI-double positive) apoptotic cells increased in CBKOTg mice, compared with Tg mice ( Figure 5 ). These findings are consistent to earlier reports that CB protects against apoptotic cell death brought on by Ab in both neuronal and glial cells, and that bax and caspase-3 proteins are upregulated by CBKO in the murine uterus. [8] [9] [10] Therefore, it is reasonable to suggest that CB expression may contribute to neuronal survival in Tg mice. During apoptosis, remodeling of the mitochondrial cristae is accompanied by fragmentation of the mitochondria network. 21, 38 The EM images showed that mitochondria of CBKOTg mice represent fragmentation and cristae disruption compared with Tg mice. Currently, it is believed that the overall shape of mitochondria is controlled by the balance between fusion and fission events that are mediated by specific proteins. 39 Defects in mitochondrial fusion and fission proteins are associated with a wide range of neurodegenerative diseases. 40 Interestingly, protein levels of both Drp1 and OPA1, one of the fission and fusion proteins, were significantly altered in CBKOTg mice compared with Tg mice (Figures 3 and 6) , suggesting that the altered mitochondrial dynamics affects mitochondrial morphology as well as their functions, which lead to neuronal apoptosis in CBKOTg mice. The integrity of mitochondrial cristae during apoptosis is maintained not only by Opa1, but also by the genetic inhibition of Drp1. 41 Thus, the altered Drp1 and Opa1 protein levels of CBKOTg mice support cristae disruption. Although the inhibition of CB expression impaired water maze learning in antisense for CB transgenic mice, 32 whether CB depletion affects the mechanism associated with memory function has not been determined. The NMDA receptors consisting of two NR1 and two NR2 subunits are well-known key molecules for regulating memory function and synaptic plasticity. 42 Protein levels of NR1 and NR2A are reduced in the brains of CBKOTg mice, compared with Tg mice. ERK1 and ERK2 are highly expressed in the adult mammalian CNS, and their activation Figure 6 Changes of mitochondrial structure and protein levels in the subiculum of CBKOTg mice. (a) Representative EM images showed mitochondria in the subiculum of Tg and CBKOTg mice at 6 months of age. Arrowheads indicate mitochondria with cristae. Abnormal mitochondria without cristae are marked by arrows. Although altered mitochondria were observed in Tg mice, there were more altered mitochondria in CBKOTg mice than Tg mice (n ¼ 4 for Tg and CBKOTg mice, respectively). Scale bar ¼ 1 mm. (b) Elongated mitochondria were counted and calculated as the percent of elongated mitochondria (n ¼ 9 mitochondria images per each group). (c) Analysis of the length of mitochondria cristae was performed (n ¼ 25 mitochondria per each group). (d) Subiculum extracts were probed for Drp1, Fis1, Mfn1, OPA-1 and tubulin. The level of Drp1 increased in CBKOTg mice, compared with Tg mice, and OPA-1 was reduced. The level of Fis1 slightly increased in CBKOTg mice than Tg mice, but was not statistically significant. No changes were detected in Mfn1 levels (n ¼ 4 independent extracts per group). (e and f) Quantification of Drp1, Fis1, Mfn1 and OPA-1 protein levels in (d). Tubulin is a loading control. *Po0.05, **Po0.01 and ***Po0.001. CBKOTg versus Tg mice relies on Ca 2 þ influx via the NMDA receptor, which is regarded as a key biochemical event in cognition through activation of CREB. 33, 43, 44 Activation of both ERK1/2 and CREB was decreased by the removal of CB in the brains of Tg mice (Figures 7a and c) . We also confirmed that immunohistochemical staining of brain sections for phosphorylated CREB revealed a decrease in subiculum neurons of CBKOTg mice, compared with those in Tg mice (Figures 7d and e) .
These results raise the possibility that CB depletion contributes to neuronal deficits and cognitive dysfunction in Tg mouse models, and persistent mitochondrial fission could lead to synaptic damage, bioenergetic failure and subsequent neurodegeneration. 45, 46 Another interesting finding in this study is the influence of CB on synaptic protein levels. Loss of synaptic function is a key characteristic of AD progression, because it is directly linked with cognitive impairment. A growing body of evidence that CB is an important regulator of synapses has been reported. First, CB is expressed in distinct cell types throughout the CNS, buffers intracellular Ca 2 þ and modifies synaptic functions in neurons. 7 Second, overexpression of CB has been shown to increase neuronal differentiation and neurite growth. 48 Finally, recent evidence suggests that CB binds directly to caspase-3 and inhibits its activity in osteoblasts, and caspase-3 then triggers early synaptic dysfunction in a Tg2576 AD mouse model. 49, 50 We have found decreased protein levels of PSD95 and synaptophysin, the presynaptic and postsynaptic proteins (Figures 7f  and g ). Therefore, the alterations in both presynaptic and postsynaptic proteins imply that CB depletion may be important in the regulation of synapse formation.
In summary, we have revealed for the first time that CB has a critical role in vivo in the apoptotic features, including mitochondria alteration as well as loss of synaptic proteins, in a AD mouse model. Our findings suggest that the CB depletion may be an important contributor to the pathogenesis of AD by exacerbating neuronal loss, apoptotic cell death, mitochondrial dysfunction and synaptic loss.
Materials and Methods
Animals. Female transgenic mice with 5XFAD were purchased from Jackson Lab (Bar harbor, ME, USA). These mice co-express and co-inherit FAD mutant forms of human APP (Swedish mutation: K670N, M671L; Florida mutation: I716V and London mutation: V717I) and PS1 (M146L; L286V) transgenes under transcriptional control of the neuron-specific mouse Thy1 promoter. 14, 51 Heterozygous Tg transgenic mice (B6/SJL hybrid background) were cross-bred with CB homozygous knockout (CBKO) mice. 12 The resultant F1 heterozygous CB þ / À Tg mice were further intercrossed, yielding animals with four different genotypes (wild-type, Tg, CBKO Á WT and CBKOTg) in the F2 progeny. All experiments were done with these mice at 6 months of age. Subiculum tissues were rapidly excised from the brains of the killed mice by using optical microscopy for protein isolation. Some subiculum tissues were fixed in cold 2.5% glutaraldehyde for electron microscopy (EM). Animal treatment and maintenance were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication No.85-23, 1985 edition) and the Animal Care and Use Guidelines of Seoul National University, Seoul, Korea. All efforts were made to minimize animal suffering and to reduce the number of mice used.
Genotyping of Tg and CBKO mice. CBKO mice were provided by Professor Sukho Lee (Seoul National University, College of Medicine, Seoul, Korea). Genomic DNA was obtained from the ears by digestion buffer (50 mM Tris-HCl, 20 mM NaCl, pH 8.0, 1 mM EDTA, 1% SDS, 20 mg/ml Proteinase K) at 55 1C for 2 h, followed by phenol and isopropanol. Polymerase chain reaction (PCR) was performed with a separate set of primers designed for each allele to distinguish the CB WT from CB mutant alleles. The oligonucleotide primers designed for the CB WT allele were as follows: upstream, 5 0 -TCCCTCACCTA-GAGATAGAAGCAGCGCAG-3 0 ; downstream, 5 0 -AGACAGCAGAATCGAGGAG TCTGCTGCTC-3 0 . The oligonucleotide primers designed for the CB mutant allele were as follows: upstream, 5 0 -TCCCTCACCTAGAGATAGAAGCAGCGCAG-3 0 ; downstream, 5 0 -GCTAAAGCGCATGCTCCAGACTGCCTTGG-3 0 . The size of the WT PCR product was 254 bp and the mutant PCR product was 192 bp.
Immunohistochemistry. For immunohistochemistry, WT, Tg, CBKO Á WT and CBKOTg (n ¼ 4 each) mice were killed at 6 months of age. Mice were anesthetized with a mixture of Zoletil 50 (Virbac, Carros, France) and Rompun (Bayer Korea, Seoul, Korea) solution (3 : 1 ratio, 1 ml/kg, i.p.) and perfused transcardially with a freshly prepared solution of 4% PFA in PBS. After the mice were decapitated, brains were dissected from the skull. Serial 30-mm thick coronal tissue sections were cut using a freezing microtome (Leica, Nussloch, Germany). Free-floating sections were incubated with the following the primary antibodies; biotin-labeled 4G8 (1 : 700; Covance, Princeton, NJ, USA), rabbit anti-CB (1 : 3000; Swant, Bellinzona, Switzerland), mouse anti-neuron-specific nuclear protein (NeuN) antibody (1 : 2000; Millipore, Schwalbach, Germany) and rabbit anti-phospho-CREB Ser 133 antibody (1 : 800; Cell Signaling Technology, Beverly, MA, USA) overnight at 4 1C. After washes in PBS, the sections were incubated with the following secondary antibodies; Alexa Fluor 488-conjugated streptavidin (1 : 1000; Invitrogen, Carlsbad, CA, USA), goat anti-rabbit Alexa 594 (1 : 1000; Invitrogen and donkey anti-mouse Alexa 488 antibody (1 : 1000; Invitrogen) for 2 h. All sections were counterstained with DAPI (4 0 -6-diamidino-2-phenylindole) before mounting and analyzed on a confocal laser scanning microscopy (FluoView FV 10i; OLYMPUS, Center Valley, PA, USA).
Antibody microarray and statistical analysis. Subiculum extracts of 6-month-old Tg and CBKOTg mice (n ¼ 3 each) were subjected to Panorama Antibody Microarray Cell Signaling (Sigma-Aldrich, St. Louis, MO, USA) analysis consisting of 224 different antibodies according to the manufacturer's instructions. Briefly, Cy3 and Cy5 dye (Amersham, Little Chalfont, Buckinghamshire, UK) were attached to proteins extracted from Tg and CBKOTg mice. Next, equal amounts of labeled proteins from Tg and CBKOTg subiculum were mixed together and hybridized to antibody microarrays. After washing, the microarrays were scanned at wavelengths of 532 nm (Cy3) and 635 nm (Cy5) to detect signals using a GenePix4008B Scanner (Molecular Devices, Sunnyvale, CA, USA), and data were analyzed by GenePix software (Molecular Devices). Lowess normalization was performed for four signals of each protein. 52 Normalized signals for four replicates of one protein between CBKOTg and Tg mice were compared to identify DEPs using an integrative statistical testing method 53 in which adjusted P-values for each protein were calculated using both Student's t-tests and median fold-change test and then combined to compute overall P-values using Stouffer's method. 54 Proteins with overall P-values o0.1, P-values of t-test o0.05 and P-values of median fold test o0.05 were selected as DEPs by the depletion of CB.
In-gel digestion. Hippocampal subiculum tissue lysates were prepared by sonication followed by solubilization in lysis buffer consisting of 50 mM Tris/HCl pH 8.0, 1% SDS, 50 mM sodium fluoride, 1 mM sodium orthovanadate and complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Protein concentrations were measured using a Micro BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). Solubilized proteins were boiled in SDS sample buffer (Invitrogen), fractionated by SDS-PAGE (4-12% Bis-Tris Gel, Invitrogen) and stained with Coomassie Brilliant Blue (Sigma-Aldrich). Protein gel regions were cut and subjected to in-gel tryptic digestion following the general protocol. 55 Briefly, protein gels were excised, destained and washed. Proteins were reduced with 20 mM dithiothreitol and alkylated with 55 mM iodoacetamide. After dehydration with acetonitrile, the proteins were digested with 13 ng/ml sequencing grade modified porcine trypsin (Promega, Madison, WI, USA) in 50 mM ammonium bicarbonate overnight at 37 1C. Peptides were extracted from the gel pieces with 5% (v/v) acetonitrile in 0.1% (v/v) formic acid and 50% (v/v) acetonitrile in 0.1% (v/v) formic acid. The eluates were dried under vacuum and stored at À 20 1C until used.
LC-MS/MS analysis.
Peptides isolated from the in-gel digestion were resuspended in 50 ml of solvent A (2% acetonitrile in 0.1% formic acid) and 2 ml of sample was injected into nano-HPLC system (Easy nLC; Thermo Fisher Scientific, San Jose, CA, USA) and LTQ-Velos mass spectrometer (Thermo Fisher Scientific). The sample was loaded onto an in-house packed 75 mm (inner diameter) Â 10 cm C 18 column and separated with a linear gradient of 2-38% solvent B (98% acetonitrile in 0.1% formic acid) for 90 min at a flow rate of 300 nl/min. Standard mass spectrometric condition of the spray voltage was set to 1.9 kV and the temperature of the heated capillary was set to 325 1C. The LTQ was operated in data-dependent mode with one survey MS scan at the mass range 400-1400 m/z and followed by five MS/MS scans. Precursor ions were dynamically excluded for a period of 30 s.
Protein identification and quantification. LC-MS/MS raw data were searched by SEQUEST algorithm against forward-reverse ipi.MOUSE.v3.87 using the following parameters: 1.5 Da precursor mass tolerance; 1.0 Da product ion mass tolerance; semitryptic digestion; up to two missed cleavages; variable modifications: oxidation of methionine ( þ 15.99); fixed modifications: carbamidomethylation of cysteine ( þ 57.02). The SEQUEST search results were evaluated by computing the probability for each identified peptide using TPP v. 4 .5b. 56 Peptides with false discovery rate o0.005 were regarded as reliably identified peptides and matched to proteins using the ProteinProphet software. 57 Proteins with the protein probability Z0.9 were regarded as reliably identified proteins and quantified using a spectral count-based method proposed by Fu et al. 58 For each protein, the spectral counts between CBKOTg and Tg mice were compared to compute a spectral index (SPI), a measure of fold-change of the spectral counts, as described in Fu et al. 58 To assess the statistical significance of a SPI value for each protein, an empirical distribution of SPI was estimated by performing 1000 random permutation experiments. For a SPI value for each protein, P-value was computed by a two-tailed test using the empirical distribution. Proteins with (1) SPI P-value o0.05 and (2) the number of identified unique peptides Z2 in one of Tg and CBKOTg mice were identified as DEPs.
Enrichment analysis of GOBPs. To identify cellular processes represented by the DEPs, the enrichment analysis of GOBPs was performed using MetaCoreTM (ver 6.7; Thomson Reuters, New York, NY, USA), which provides Pvalue as the significance of each GOBP being enriched by the DEPs. 59 The GOBPs with P-value o0.01 were selected as the ones significantly represented by the DEPs.
Ab ELISA. Human Ab 42 levels were quantified with a commercially available ELISA kit using an anti-Ab 42 C-terminal-specific antibody according to the manufacturer's protocol (Immuno Biochemical Laboratories Co., Gunma, Japan). Extracts of brain subicular tissues were lysed by sonication with PBS containing protease inhibitor cocktails (Sigma-Aldrich). The homogenates supplemented with 70% formic acid were sonicated for 35 s and ultra-centrifuged at 100 000 Â g for 1 h at 4 1C. The formic acid extracts were neutralized with 1 M Tris phosphate buffer (pH 11) and then diluted with the ELISA sample buffer (1 : 20) . ELISA plates were developed using a color reaction, and the absorbance was read at 450 nm using a plate reader (POWER-XS; BIO-TEK, Winooski, VT, USA).
Transmission EM (TEM). Several subiculum pieces from Tg and CBKOTg were randomly excised, diced (1 mm 3 ), then fixed in a mixture of 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and 2% paraformaldehyde in 0.1 M phosphate or cacodylate buffer (pH 7.2) and embedded with epoxy resin at 4 1C for overnight. The epoxy resin-mixed samples were loaded into capsules and polymerized at 38 1C for 12 h and 60 1C for 48 h. Thin sections were sliced on an ultramicrotome (RMC MT-XL) and collected on a copper grid. Appropriate areas for thin sectioning were cut at 65 nm and stained with saturated 4% uranyl acetate and 4% lead citrate. The ultrastructure of mitochondria of the brain was then examined by a TEM (TEM-1400, Tokyo, Japan). Mitochondria were measured and the averages were determined (n ¼ 10 for each group).
